experimental studies voiced little concern for potential cellular immune problems associated with transplantation of HESCderived products. Undifferentiated HESC express low levels of HLA class I, which is up-regulated by IFN-␥ stimulation or after differentiation into embryoid bodies as well as in teratoma [2, 3, 5] , but the level of expression was below those of other somatic cells analyzed [3] .
MHC class II and co-stimulatory molecules, however, have not been found (or only at low levels) in these studies, suggesting that HESC lack important molecules to induce T-cell activation or T-cell cytotoxic activity [2, 3, 5] [2] . In another study, HESC whether undifferentiated or differentiated, failed to stimulate proliferation of alloreactive primary human T cells [5] . More specifically in the case of expanded cells of foetal origin, the expression of MHC class I and II -but not that of the co-stimulatory proteins CD40, CD80 and CD86 -increased significantly after IFN-␥ stimulation; peripheral lymphocytes, however, were unresponsive in MLR, suggesting their low immunogenicity despite HLA incompatibility and HLA expression [4] . [6, 7, 8] [6, 7, 8] . Other NK receptors like C-type lectin NKG2A and NKG2C receptors bind to HLA-E, whereas the activating NKG2D receptor recognizes the non-HLA molecules MICA/B and ULBPs [6, 7, 8] . [3] . It has therefore been suggested that HESC failed to be eliminated by NK because of lack of recognition rather than inhibition [3] . In a humanized murine model of HESC transplantation, the mice transplanted with peripheral leucocytes of human origin showed only a minimal immune response to HESC whether undifferentiated or differentiated [9] . Despite the putative low level of immunogenicity, the few clinical trials performed in humans using tissue of foetal origin featured empirically immunosuppressive drugs such as cyclosporine [10, 11] . 
. Conflicting data have resulted from studies analyzing allogeneic T-cell proliferation stimulated by HESC in mixed lymphocyte reaction (MLR). HESC have been shown to induce similar levels of T-cell proliferation as cultured human fibroblasts

The absence of MHC class I molecules at the cell surface of progenitors is a potential risk for natural killer (NK) cell cytotoxicity. NK-cell functions are regulated by a complex repertoire of cell surface receptors belonging to different families
. Among these, the killer cell immunoglobulin-like receptor (KIR) family is of special interest because of its ligand being MHC class I, HLA-C and HLA-B, and the non-classical HLA-G
Because most of NK receptors which bind MHC ligands have an inhibitory function, the absence or low expression of the classical MHC class I or non-classical HLA-E, G in HESC, these cells are a good target for elimination by NK. However, a previous study demonstrated that regardless of the differentiation status of the cells and the expression levels of MHC-I in vitro, HESC were not destroyed by NK cells, even if the inhibitory HLA-G molecule was expressed
Considering that the immunogenicity of human NPC has not been investigated, we performed an in-depth analysis in vitro of T-and NKcell immune response to allogeneic NPC derived from HESC or of foetal origin. IFN-␥ activated NPC-induced significant T-cell proliferation and were destroyed extensively by NK cells due to a mechanism that is MHC class I independent. Moreover, cyclosporine and dexamethasone not only failed to inactivate NK-cell cytotoxicity but also to inhibit the terminal differentiation of NPC into neurons.
Materials and methods
HESC
NK-cell isolation (PBMCs were isolated from normal blood donors by density-gradient centrifugation. NK cells were separated from PBMC by magnetic cell sorting according the manufacturer's instructions (NK cell isolation kit, Miltenyibiotec). Non-NK cells from human PBMC, such as T cells, B cells, dendritic cells, monocytes
Statistical analysis
Statistical analysis was performed using the non-parametric ANOVADunett's test. 
Results
NPC derived from HESC and stimulated by IFN-␥ express high levels of MHC class I and induce allogeneic T lymphocyte proliferation
Neurogenicity ϩϩ ϩ ϩϩϩ (Fig. 3A) . As observed for NPC, MHC class I was significantly induced in neurons after stimulation with IFN-␥ (Fig. 3B) (Fig. 3D) (Fig. 4A) . Non-induced NPC were also able to stimulate T cells but to a smaller extent than the control cells treated by IFN-␥ (Fig. 4A) . Ligands of the NKG2D-activating receptors ULBP1, ULBP2, ULBP3 and MICA/B were expressed at the surface of NPC (Fig. 5A) [15] as well as in a brain cell transplantation study [11] . We confirm first that CsA and Dexa inhibit PBMC proliferation driven by irradiated NPC whether stimulated or not by IFN-␥ (Fig. 6A) (Fig. 6C) .
NK cells kill NPC regardless of IFN-␥ stimulation
. Then, the functional activity of NK directed against NPC was assessed by CD107a expression at the surface of NK cells [14] and by the secretion of IFN-␥ in the presence of immunosuppressive drugs or in their absence. Figure 6B shows a typical example where CD107a is expressed by NK cells in the presence of NPC. The IFN-␥ secretion by NK cells exposed to NPC was inhibited by Dexa but not by CsA
In contrast, the killing activity was enhanced in the presence of CsA. This effect was corroborated by the killing activity determined by chromium (Cr 51 ) cytotoxic assay (data not shown).
Interestingly, the combination of CsA ϩ Dexa slightly reduced the killing activity of NK cells (Fig. 6C, 
right). It is noteworthy that IFN-␥ treatment of NPC did not influence the effect of the different immunosuppressive drugs. Since the terminal differentiation of NPC into neurons takes place in the recipient's brain (mature neurons cannot be transplanted), the role of immunosuppressive drugs at this final stage needs to be investigated. For that purpose, we undertook the terminal differentiation in vitro of 3-week-old HESC-derived NPC into neurons in the presence of various concentrations of drugs or without.
Fig. 2 NPC express MHC class I upon stimulation by IFN-␥. HESC were differentiated towards NPC for 3 weeks on glass cover slips. Then, NPC were incubated or not with recombinant human IFN-␥ for 72 hrs and immunostained with MHC class I combined with several NPC markers: nestin (A), Sox-1 (B), GFAP (C) and Musashi-1 (D).
Table 2 Expression of lineage's markers and molecules involved in the immune alloreaction in HESC-NPC or ReNcell-VM cell line
HESC-NPC
ReNcell-VM IFN-␥ 0 1000 U/ml 0 1000 U/ml
Weak expression. nd, not done. Fig. 1C Fig. 1D) . In rare cases, large clusters of residual NPC were observed because of the presence of cells positive for vimentin (supplementary Fig. 1C ) and nuclei expressing Pax-6 and Sox-1 (supplementary Fig. 1E 
Terminal differentiation towards mature neuronal cells was achieved by plating of NPC at low density in laminin-coated tissue culture flasks in the appropriate medium. Under these conditions, clusters of neuritic cells appeared after a few days (supplementary Fig. 1A). Most of the neuritic cells express ␤III-tubulin (supplementary Fig. 1B) or GFAP but not vimentin (supplementary
). Of note, these residual NPC expressed also Musashi-1, GFAP and nestin (data not shown). Non-neural cells that were not immunoreactive for NPC and neuronal markers were also present within the culture (data not shown).
Different concentrations of CsA (0.025-5 g/ml) were tested in the range of plasma levels such as measured in treated patients [16] (Fig. 7A) . As expected, these mature neurons were interspersed with NPC, detected as flat cells that are stained with nestin and without ␤III-tubulin expression (Fig. 7A) Fig. 7A ; CsA 0.5 g/ml) and found to be positive for other neuronal markers (Fig. 7B) . In the presence of CsA and/or Dexa, however, the majority of cell populations harboured the above phenotypes (Fig. 7B) . In addition to neuronal morphology, the number of neuronal clusters was quantified. It decreased under exposure to CsA, as well as to Dexa (from 0.05 to 5 g/ml) and to a combination of CsA and Dexa at all concentrations (Fig. 8A) . The difference was statistically significant for 1 g/ml and more of CsA, for 0.05 g/ml and more of dexa and for all concentrations where CsA and Dexa were associated (Fig. 8A) (Fig. 8B) 
. None of them proved toxic for the differentiation process with the exception of 5 g/ml (data not shown). For the various non-toxic concentrations of CsA (0.025-1 g/ml), number and morphology of mature neurons differed from control cells. In the case of non-treated cells, neurons appeared rapidly and organized in networks of neuritic cells positive for ␤III-tubulin
MAP-2 and synapsin-1 (data not shown). In addition, neurite
Fig. 3 Neurons differentiated from HESC-derived NPC express MHC class I upon stimulation with IFN-␥. HESC-derived NPC were differentiated towards neurons on glass cover slips for 2 weeks and incubated or not with human recombinant IFN-␥ for 3 days, before immunostaining with MHC class I combined with neuronal markers. (A) MHC class I expression by ␤III-tubulin -positive neurons that were non-stimulated by IFN-␥. (B) MHC class I expression by ␤III-tubulin -positive neurons that were stimulated by IFN-␥. (C) Neuritic expression of MHC class I by neurons organized in large scaffolds. (D) MHC class I expression by MAP-2 -positive neurons that were stimulated by IFN-␥ (white arrows
. The number of undifferentiated NPC colonies was also assessed. These colonies expressed Pax-6 and other NPC markers such as vimentin and Sox-1 and were tested with or without immune suppressants. The presence of CsA and Dexa increased these populations suggesting that the terminal maturation of NPC was also targeted by drugs (data not shown).
Finally, the inhibition of the differentiation process by CsA and Dexa was quantified at the mRNA level. The markers of NPC, vimentin, Pax-6 and nestin mRNAs were expressed at a higher level in the presence of CsA and Dexa compared with PBS, confirming the increased number of non-differentiated NPC. In contrast, the mRNA level of ␤III-tubulin was not modified by immunosuppressive drugs since this filament-associated protein was expressed in both NPC and neuronal cells (Fig. 8C) .
NPC of foetal origin are also a target of the allogeneic immune system
To confirm the immunogenicity of NPC of foetal origin, the experiments described earlier were also performed using the ReNcell-VM cell line. These NPC correspond to foetal progenitors from the ventral mesencephalon [17, 18] . Results are summarized in Tables 1  (right column) [23, 24] . In xeno-transplantation, NK cells have been shown to play an important role and should be targeted by immunosuppressive regimens [15] . In human SOT, NK cells also play a role but it is less marked than that of T cells in immune rejection [25] [28] . The brain is supposed to be an anatomical site with a certain degree of immune privilege [29] , raising the question of the relevance of our in vitro results to immune rejection in vivo after transplantation. Although the alloreactivity in the brain is poorly described, the immune reaction of a recipient to transplanted cells was already reported some 20 years ago [30, 31] . The brain is composed of different cell types of which several have the potential to present antigens and to induce an alloimmune response. The presence of T and NK cells has been demonstrated in numerous rodent and human studies [32, 33] and the autoimmunity of the brain has been well described [33] . Finally, the stereotactic surgical procedure in NPC transplantation induces a breach of the haemato-encephalic barrier and, as a consequence, is thought to contribute to local inflammation.
and 2. The induction of MHC class I rather than co-stimulatory molecules upon treatment with IFN-␥ was confirmed, as well as the spontaneous MLR and cytotoxicity of activated NK cells. MIC ligands were expressed on ReNcell-VM, but at higher levels than on HESC-derived cells. ULBPs were also found, with a stronger up-regulation of ULBP-2 upon IFN-␥ treatment than previously observed with HESC-derived cells. By blocking NKG2D and its ligands, the killing of ReNcell-VM by NK cells was also reduced significantly. Finally, immunosuppressive drugs strongly reduced neuronal differentiation of ReNcell-VM (Table 3). Using the Metamorph Software for quantification, CsA reduced
Fig. 7 Neuronal differentiation of NPC is modified by cyclosporin (CsA) and dexamethasone (Dexa). Undifferentiated NPC and mature neurons were analyzed by immunofluorescence for the expression of nestin (green) and ␤III-tubulin (red). Undifferentiated NPC expressed nestin and ␤III-tubulin, mature neurons harbour thin neuritic extensions that increase the brightness of ␤III-tubulin staining but do not express nestin. (A) Microscopic view at low magnification of nestin and ␤III-tubulin expression after 2 weeks of neuronal differentiation in the presence or not of CsA at 0.5 g/ml (bottom). (B) Nestin and ␤III-tubulin expression after 2 weeks of neuronal differentiation in the presence
For these reasons, the first clinical trial protocols of foetal tissue transplantation featured immunosuppressive drugs administered to the transplant recipients [34, 35] 
